Peripheral T-cell lymphomas (PTCLs) are a heterogeneous group of non-Hodgkin lymphomas frequently associated with poor prognosis and for which genetic mechanisms of transformation remain incompletely understood. Using RNA sequencing and targeted sequencing, here we identify a recurrent in-frame deletion (VAV1 Δ778-786) generated by a focal deletion-driven alternative splicing mechanism as well as novel VAV1 gene fusions (VAV1-THAP4, VAV1-MYO1F, and VAV1-S100A7) in PTCL. Mechanistically these genetic lesions result in increased activation of VAV1 catalytic-dependent (MAPK, JNK) and non-catalytic-dependent (nuclear factor of activated T cells, NFAT) VAV1 effector pathways. These results support a driver oncogenic role for VAV1 signaling in the pathogenesis of PTCL.
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peripheral T-cell lymphoma | VAV1 | mutation | gene fusion P eripheral T-cell lymphomas (PTCLs) are malignant and highly aggressive hematologic tumors arising from mature postthymic T cells (1) . The diagnosis of PTCL includes diverse lymphoma subgroups, altogether accounting for about 15% of all non-Hodgkin lymphomas (2, 3) . Despite much effort in developing reliable diagnostic markers, the diagnosis of PTCLs is challenging, and 20 to 30% of cases are diagnosed as PTCL-NOS (not otherwise specified). This heterogeneous and poorly defined group constitutes one of the most aggressive forms of non-Hodgkin lymphoma, in which limited response to intensified chemotherapy and high relapse rates result in a dismal 5-y overall survival rate of 20 to 30% (4, 5) . Moreover, a paucity of information on driver oncogenes activated in PTCL-NOS hampers the development of targeted therapies in this aggressive lymphoma subgroup.
The VAV1 protooncogene encodes a guanine nucleotide exchange factor (GEF) and adaptor protein with crucial signaling roles in protein tyrosine kinase-regulated pathways (6) . Structurally, VAV1 contains a calponin homology domain and an acidic domain in the N terminus followed by a GEF catalytic active core consisting of a central Dbl homology domain, pleckstrin homology domain, and C1 domain (6) . Finally, the C-terminal region of VAV1 contains three Src homology domains in an SH3-SH2-SH3 arrangement (6) . The GEF activity of VAV1 stimulates the transition of RAC1 and RHOA small GTPases from their inactive (GDP-bound) to the active (GTP-bound) configuration (6) (7) (8) . In addition, the adaptor function of VAV1 mediates activation of the nuclear factor of activated T cells (NFAT) in synergy with signals from antigenic receptors in lymphoid cells (6, (8) (9) (10) (11) (12) (13) . In basal conditions, unphosphorylated VAV1 adopts an inactive closed configuration in which the N-terminal calponin homology and acidic domains and the C-terminal SH3 (C-SH3) domain block access of small GTPases to the catalytic core and limit the noncatalytic activities of the protein (6, 14, 15) . Activation of VAV1 by transmembrane and cytosolic protein kinases reverses these intramolecular inhibitory interactions by promoting an open active configuration associated with phosphorylation in the acidic, C1 finger, and C-SH3 domains (6, 14, 15) .
VAV1 is specifically expressed in hematopoietic tissues, and plays key roles in lymphocyte development and function (8) . VAV1 is essential for T-cell receptor (TCR)-mediated cytoskeletal reorganization, cytokine secretion, proliferation, and survival (8, 12) . Thus, Vav1-deficient mice show a partial block in thymic development at the CD4 − CD8 − double-negative to CD4 + CD8 + double-positive transition, defective positive selection, and impaired negative selection, which altogether point to a major role for VAV1 in TCR signaling (16, 17) . Biochemically, mouse Vav1 knockout T cells fail to elicit TCR-induced intracellular Ca 2+ flux and to activate MAP/ERK pathway and NF-κB signaling (18) (19) (20) (21) . Consistently, the function of mature T-cell populations is also defective in the absence of Vav1, with reduced TCR-induced Significance Guanine nucleotide exchange factor VAV1 encodes an adaptor and signal transduction factor with important roles in T-cell receptor signaling. This study identifies activating VAV1 recurrent mutations and VAV1 fusions in peripheral T-cell lymphomas, directly establishing an oncogenic role for constitutive VAV1 signaling in the pathogenesis of this disease.
proliferation and cytokine secretion (8, 22, 23) . Similarly, VAV1-null human JURKAT T cells show impaired TCR-induced calcium flux, IL-2 transcription, and NF-κB activation, as well as decreased TCR-induced JNK and NFAT signaling (24) .
Here we report the identification and functional characterization of recurrent activating mutations and gene fusions in VAV1 in PTCL.
Results
Identification of VAV1 Mutations and Gene Fusions in PTCL. To identify new genetic drivers responsible for T-cell transformation and potential targets for therapy in PTCL, we performed a systematic analysis of genetic alterations using RNA-sequencing (RNA-seq) data from a cohort of 154 PTCL samples, including 41 PTCL-NOS, 60 angioimmunoblastic T-cell lymphoma (AITL), 17 natural killer/T-cell lymphoma (NKTCL), and 36 anaplastic large T-cell lymphoma (ALCL) tumors (25-27) (Dataset S1). These analyses confirmed a high prevalence of RHOA, TET2, IDH2, and DNMT3A mutations in AITL (25, 26, 28) and the recurrent presence of fusion transcripts involving the ALK1 gene, including NPM1-ALK1, TRAF1-ALK, and TPM3-ALK, and STAT3 activating mutations in ALCL (27) (SI Appendix, Fig. S1 and Dataset S2). However, the most notable finding of these analyses was the identification of gene fusions and novel recurrent mutations involving the VAV1 protooncogene. Specifically, we identified three different fusion transcripts encoding proteins in which the C-terminal SH3 domain of VAV1 is replaced by the calycin-like domain of THAP4 (in two cases), the SH3 domain of MYO1F, or the EF domains of S100A7 (Fig. 1 , SI Appendix, Figs. S1 and S2, and Dataset S3). Reverse-transcription PCR amplification and DNA sequencing validated the expression of each of these VAV1 chimeric mRNAs in all samples analyzed (Fig. 1 ). In addition, we identified two PTCL cases harboring a novel intragenic VAV1 in-frame deletion, r.2473_2499del, which results in the loss of nine amino acids (p.Val778_Thr786del) in the linker region between the SH2 and C-terminal SH3 domains of the VAV1 protein ( Fig. 2 and SI Appendix, Figs. S3 and S4).
To further explore the prevalence and mechanisms of VAV1 mutations in PTCL, we performed targeted genomic DNA sequencing of VAV1 in a panel of 126 PTCL samples. Genomic DNA sequencing of the two index RNA-seq cases harboring the r.2473_2499del mutation revealed the presence of focal genomic deletions in VAV1 involving the 3′ end of intron 25 and extending into exon 26 (g.81269_81294del and g.81275_81302del) (Figs. 2B and 3A and SI Appendix, Fig. S4 ). In addition, we identified additional three cases harboring similar focal genomic deletions involving the VAV1 intron 25-exon 26 boundary (g.81275_81301del, g.81279_81296indelA, and g.81279_81298del) and one additional case with a mutation resulting in the loss of 19 nt at the 5′ end of exon 26 but preserving the intron 25-exon 26 AG splice acceptor sequence (g.81280_81298indelA) (Figs. 2B and 3A and SI Appendix, Fig. S4 ). cDNA-sequencing analysis in three of our additional mutated cases for which RNA was available, including case PTCL CU44, in which the deletion spared the canonical exon 26 splice acceptor site, revealed that in all cases these mutations resulted in activation of a cryptic splice acceptor site in exon 26 and the consequent expression of misspliced transcripts containing the r.2473_2499del (p.Val778_Thr786del) VAV1 mutation (Fig. 2B) . Notably, analysis of VAV1 exon 26 sequences proximal to this cryptic splice acceptor site uncovered the presence of an exonic splicing silencer element (29) , which is disrupted or completely lost in all VAV1 intron 25-exon 26 indel mutated cases analyzed (Fig. 3) . Altogether, PTCL VAV1 intron 25-exon 26 deletions activate a cryptic VAV1 exon 26 splice acceptor site by disrupting the corresponding intron 25-exon 26 canonical splice acceptor sequence (5/6 cases) and removing an exon 26 exonic splicing silencer (6/6 cases). In addition to removing these splicing regulatory elements, these focal deletions reconfigure the architecture of the intron 25-exon 26 boundary by placing the intron 25 polypyrimidine tract immediately distal to the alternative exon 26 AG splice acceptor site (6/6 cases) ( Fig. 3 C and D) . Additionally, our mutation analyses also identified three nonrecurrent point mutations resulting in amino acid substitutions in the Dbl homology (p.His337Tyr), C1 finger (p.Glu556Asp), and C-terminal SH3 domains (p.Arg798Pro) of VAV1 (SI Appendix, Figs. S1 and S5 and Datasets S2 and S4).
VAV1 Fusion Proteins Induce Increased VAV1 Signaling. Given the prominent role of VAV1 in T-cell activation and to explore the functional consequences of PTCL-associated VAV1 mutations and gene fusions, we analyzed the effect of these genetic alterations on lymphocyte signaling. Recent reports have demonstrated that the C-terminal SH3 domain of VAV1 contributes to intramolecular inhibition of VAV protein family members (14) . Considering that our fusions and intragenic deletion mutants specifically affect the region containing the C-SH3 domain of the protein, we used the VAV1 Δ835-845 deletion mutant, which lacks the C-SH3 domain, as positive control in our experiments. To avoid interference with endogenous VAV1, JURKAT cells lacking endogenous expression of VAV1 protein (Jurkat J.VAV1) were infected with lentiviral constructs for VAV1 Δ778-786 and the VAV1-MYO1F, VAV1-S100A7, and VAV1-THAP4 fusions as well as the empty vector, VAV1 wild type, and VAV1 Δ835-845 controls. increased phosphorylation in ERK1/2 but not in PLCγ1 in JURKAT J.Vav1 cells expressing VAV1 Δ778-786, and the VAV1-MYO1F, VAV1-S100A7, and VAV1-THAP4 fusions, compared with wild-type VAV1 (Fig. 4A) . Additionally, we also analyzed the impact of the p.His337Tyr, p.Glu556Asp, and p.Arg798Pro missense mutations identified in our study, as well as that of p.E157Lys, p.Lys404Arg, p.Gln498Lys, and p.Met501Arg VAV1 missense mutations identified in adult T-cell lymphoma (ATL) (4), on the phosphorylation and activation of signaling pathways downstream of VAV1 (SI Appendix, Fig. S5 ). These analyses revealed weaker and variable effects of these mutations, with only VAV1 p.Gln498Lys showing clear increased ERK1/2 phosphorylation and modestly higher levels of phospho-PLCγ1 (SI Appendix, Fig. S5 ). Analysis of JNK signaling in AP1 reporter assays, a functional readout of VAV1 catalytic-dependent functions downstream of RAC1, showed marked increased JNK activation in JURKAT cells expressing the VAV1-MYO1F, VAV1-S100A7, and VAV1-THAP4 fusions (Fig. 4B) . Notably, this effect was primarily independent of TCR stimulation with anti-CD3 supporting that PTCL-associated VAV1 fusion proteins adopt a constitutively active configuration. In contrast, expression of the VAV1 Δ778-786 mutant protein induced only minor increases in JNK activation compared with wild-type VAV1, even after anti-CD3 stimulation (Fig. 4B) . Next, and to explore noncatalytic VAV1 activity, we analyzed the effects of VAV1 Δ778-786 mutant and fusion proteins in NFAT reporter assays in JURKAT cells (Fig. 4C ). In these experiments, expression of VAV1-MYO1F, VAV1-S100A7, and VAV1-THAP4 fusions induced increased NFAT activity, which was further increased upon anti-CD3 stimulation (Fig. 4C) . In contrast, VAV1 Δ778-786 expression induced NFAT responses similar to those elicited by expression of wild-type VAV1 (Fig. 4C) . Consistently, VAV1-MYO1F, VAV1-S100A7, and VAV1-THAP4 fusions strongly increased transcription of CD40L and IL-2 NFAT target genes, in basal conditions and after stimulation with anti-CD3 in JURKAT J.VAV1 cells, whereas expression of VAV1 Δ778-786 resulted in only a modest increase in gene expression (Fig. 4D ).
VAV1 Δ778-786 and VAV1 Fusions Induce an Open Active VAV1
Configuration. The inhibitory role of VAV1 C-terminal SH3 domain involves its folding over to the N-terminal catalytic and pleckstrin homology domains, which occludes the access of VAV effector factors to the catalytic GEF domain (14) . Thus, we postulated that the loss of the C-terminal SH3 domain in the VAV1-MYO1F, VAV1-S100A7, and VAV1-THAP4 fusions would result in VAV1 activation via loss of these inhibitory intramolecular interactions. Moreover, we proposed that the removal of nine amino acids proximal to the C-terminal SH3 domain in the VAV1 Δ778-786 mutant protein could also limit the inhibitory role of this domain by favoring an open VAV1 conformation. To test this hypothesis, we analyzed the levels of Tyr174 phosphorylation, a regulatory posttranslational modification indicative of an active VAV1 open configuration (7, 15) , in VAV1 wild type, VAV1 Δ835-845, VAV1 Δ778-786, and the VAV1-MYO1F, VAV1-S100A7, and VAV1-THAP4 fusions or control empty vector. Consistent with the loss of the inhibitory role of the VAV1 C-terminal SH3 domain, immunoprecipitation of HA-tagged VAV1 proteins with anti-HA antibody in these cells, followed by immunoblotting with an antibody recognizing phospho-Y174, showed high levels of phosphorylation in VAV1-MYO1F, VAV1-S100A7, and VAV1-THAP4 fusions (Fig. 4E) . Similarly, we also observed increased levels of VAV1 Y174 phosphorylation in the VAV1 Δ778-786 mutant protein (Fig. 4E ) compared with VAV1 wild-type controls. These results support that the PTCLassociated VAV1 Δ778-786 mutation and in particular the VAV1-MYO1F, VAV1-S100A7, and VAV1-THAP4 fusion proteins can adopt an open configuration even in the absence of TCR stimulation and mechanistically implicate the loss or impairment of the inhibitory role of the C-terminal SH3 domain of VAV1 in the pathogenesis of PTCL (Fig. 4E) . Similar results were also obtained in HEK293T cells in the context of VAV1 signaling activated by FYN kinase expression (SI Appendix, Fig. S6 ).
Discussion
Initially identified as a protooncogene isolated in a gene transfer screen for oncogenes with the ability to transform NIH 3T3 fibroblasts (30), the oncogenic activity of the original VAV1 clone resulted from an artificially generated N-terminal deletion driving increased VAV1 activation (31) . A pathogenic role for the VAV family of signaling factors in cancer has been proposed primarily based on their deregulated expression in solid tumors and hematological malignancies (32) . In addition, recent genomic profiling analyses of ATL have revealed the presence of recurrent point mutations in VAV1 in this disease (33) , and VAV1 gene fusions have recently been implicated in one case of ATL and more broadly in PTCL (34) . VAV1 mutations identified in ATL result mostly in single-amino acid substitutions involving the acidic, pleckstrin homology, C1 finger, and C-terminal SH3 domains of the VAV1 protein (33) . In addition, both the VAV1 gene fusion found in ATL (VAV1-TRIP10) (33) and those reported in two cases of PTCL-NOS (VAV1-MYO1F and VAV1-GSS) (34) involve the loss of the C-terminal SH3 domains of VAV1. The recurrent pattern of VAV1 mutations and gene fusions found in PTCL (34) and ATL (33) support a gainof-function mechanism. Moreover, the identification here of additional VAV1 genetic alterations in PTCL, including a novel recurrent in-frame deletion resulting in the loss of amino acids 778-786 in the linker region between the SH2 and C-terminal SH3 domains of VAV1, further supports a pathogenic role for VAV1 signaling in T-cell transformation. However, constitutive genetic loss of Vav1 is associated with the development of aggressive T-cell lymphoblastic lymphomas in aged mice (35, 36) , probably as a result of deregulated oncogenic pathways activated in response to defective Vav1 signaling (37) .
Functional characterization of PTCL-associated VAV1 fusion proteins revealed increased levels of VAV1 activation, implicating the loss of C-terminal SH3 domain-mediated VAV1 regulation in PTCL transformation. In this context, it is worth noting that an artificially generated VAV1 mutant protein devoid of the C-terminal SH3 domain, VAV1 Δ835-845, shows increased VAV1 signaling (14) . Moreover, the recurrent VAV1 Δ778-786 mutation and PTCL-and ATL-associated VAV1 missense mutations analyzed here also behaved as a gain-of-function allele, eliciting increased levels of VAV1 effector pathway activation. However, no C-terminal protein-truncating mutations in VAV1 were identified in our patient cohort, suggesting a role for the MYO1F, S100A7, and THAP4 domains fused to VAV1 in the oncogenic activity of VAV1-MYO1F, VAV1-S100A7, and VAV1-THAP4, respectively. ...................... In VAV1-S100A7, the C-terminal SH3 domain of VAV1 is replaced by the full length of S100A7, a calcium-binding epidermal protein with proposed antibacterial and chemoattractant roles (38) . More interestingly, the VAV1-MYO1F fusion replaces the C-terminal SH3 domain of VAV1 by the also C-terminally located SH3 domain of MYO1F, an actin-interacting motor protein (39) . Remarkably, a recent report identified an additional VAV1-MYO1F fusion in a PTCL sample (34), which further supports a possible role of the MYO1F SH3 domain in promoting the activity of the VAV1-MYO1F oncoprotein. Finally, the VAV1-THAP4 fusion replaces the C-terminal SH3 domain of VAV1 with the C-terminal nitrobindin domain of THAP4 (40) . The recurrent finding of the VAV1-THAP4 fusion in two independent samples in our cohort supports that, in addition to removing the C-terminal SH3 domain on VAV1, the incorporation of the β-barrel heme-Fe(III)-binding nitrobindin domain of THPA4 may play an active role in the activity of the VAV1-THAP4 oncoprotein. Animal models with selective expression of VAV1 mutations and gene fusions will facilitate the analysis of the specific oncogenic roles and mechanisms of these genetic alterations in T-cell transformation. The apparent predominance of VAV1 point mutations in ATL compared with the more frequent occurrence of gene fusions and focal indel mutations in PTCL-NOS may be reflecting different mutagenic mechanisms or, alternatively, context-relevant specific functions of the resulting VAV1 oncoproteins in these diseases. Of note, the VAV1 Δ778-786 mutation involves a unique mechanism that couples genomic disruption of the VAV1 intron 25-exon 26 boundary with a new splicing event triggered by the coordinated loss of an intraexonic splice silencer in exon 26 and the disruption of the canonical AG intron 25-exon 26 splice acceptor site. Somatic mutations involving splicing sites are a common mechanism of tumor suppressor gene inactivation in cancer, where disruption of splicing donor and acceptor site sequences frequently results in intron retention or exon skipping events and expression of aberrant transcripts containing premature stop codons (41) . However, missplicing mutations can also result in oncogene activation. Thus, splicing site mutations in the MET oncogene promote exon 14 skipping and consequent expression of mutant oncogenic forms of MET with increased stability and prolonged signaling upon HGF stimulation (42) . Similarly, mutations driving missplicing of the distal coding region of NOTCH1 into the 3′ UTR of this gene result in expression of C-terminally truncated forms of NOTCH1 with increased stability and prolonged signaling in chronic lymphocytic leukemia (43) . In the case of VAV1 Δ778-786, an in-frame missplicing of exon 25 into a cryptic intraexonic splice acceptor motif in exon 26 generates mRNAs with an in-frame deletion and the expression of a gain-of-function VAV1 oncoprotein. These findings call for careful interpretation of the functional consequences of cancer-associated splice site mutations in genomic studies.
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In all, our identification of recurrent activating events affecting VAV1 in PTCL-NOS and AITL supports an important driver role for druggable effector signaling pathways downstream of VAV1 in T-cell transformation. These results warrant the comprehensive evaluation of the prevalence and clinical impact of VAV1 genetic alterations on extended cohorts of homogeneously treated PTCL patients.
Materials and Methods
DNA and RNA samples from PTCL biopsies were obtained with informed consent in a multiinstitutional setting. Studies were conducted under the supervision of the Columbia University Medical Center Institutional Review Board.
Genomic Analyses. Mutational analysis of VAV1 was performed by targeted resequencing using microfluidics PCR (Access Array System; Fluidigm) followed by sequencing of amplicon libraries in a MiSeq instrument (Illumina). We identified variants that differed from the reference genome using the SAVI algorithm (statistical algorithm for variant identification) based on coverage depth and frequency (44) . Candidate variants were independently validated by targeted deep sequencing. We analyzed Illumina HiSeq paired-end RNAseq data from 154 PTCL samples and identified variants using GATK HaplotypeCaller (45) and Bcftools v1.2 (46) with standard parameters, and gene fusions using the ChimeraScan algorithm (47) and the Pegasus pipeline (48) .
In Vitro Studies. We performed Western blot detection using standard procedures with the following antibodies: HA (Roche; 11867423001; 1:500), Vav1 phospho-Y174 (Abcam; ab76225; 1:1,000), Vav1 DH domain (49) (1:10,000 dilution), GAPDH (Cell Signaling Technology; 5174; 1:5,000), ERK (Santa Cruz Biotechnology; SC-271270; 1:250), phospho-p44/p42 (Cell Signaling Technologies; 4377; 1:1,000), PLC gamma1 (E-12) (Santa Cruz Biotechnology; SC-7290; 1:250), phospho-PLC gamma1 (Tyr783) (Cell Signaling Technologies; 2821; 1:1,000), and α-tubulin (Calbiochem; CP06; 1:2,000). We ran immunoprecipitation analyses on cleared cell lysates using EZview Red Anti-HA Affinity Gel (Sigma; E6779) and analyzed them by SDS/PAGE and immunoblotting.
For NFAT and JNK activation assays, we coelectroporated JURKAT cells with JUN (pFR-Luc, pFA2-c-Jun) or NFAT (pNFAT-luc, pRL-SV40) luciferase reporter vectors together with VAV1 wild type or mutant expression constructs plus a Renilla luciferase internal normalization control.
We induced TCR stimulation with antibodies against human CD3 (Calbiochem; 217570; UCHT1 clone) and determined luciferase activity with the Dual-Luciferase Assay System (Promega).
Statistical Analyses. Analyses of significance were performed using Student's t test assuming equal variance. Continuous biological variables were assumed to follow a normal distribution. A P value of <0.05 was considered to indicate statistical significance.
Detailed information regarding the reagent assembly and assay conditions can be found in SI Appendix, Materials and Methods. 
